Ta͑Al͒N͑C͒ thin films were deposited by the atomic layer deposition technique using TaCl 5 or TaBr 5 and NH 3 as precursors and Al͑CH 3 ) 3 as an additional reducing agent. For comparison TaN thin films were deposited also from TaBr 5 and NH 3 with and without Zn. The films were analyzed by means of the time-of-flight elastic recoil detection analysis, energy dispersive X-ray spectroscopy, X-ray diffraction, and standard four-point probe method. The deposition temperature was varied between 250 and 400°C. The films contained aluminum, carbon, hydrogen, and chlorine impurities. The chlorine content decreased drastically as the deposition temperature was increased. The film deposited at 400°C contained less than 4 atom % chlorine and also had the lowest resistivity, 1300 ⍀ cm. The barrier properties of the Cu/Ta͑Al͒N͑C͒/Si structure were studied by using sheet resistance and X-ray diffraction measurements.
Transition metal nitrides ͑for example, TaN, TiN, NbN, WN͒ are widely used and examined as barrier materials in ultralarge scale integration ͑ULSI͒ microelectronic devices between copper or aluminum and silicon. 1 Barrier materials have to fulfill very strict demands. Diffusion of metals and silicon through the barrier need to be prevented efficiently, the barrier material may not react with the metal or silicon, and it has to be stable during the manufacturing and operation of the device. So far titanium nitride has been the most studied barrier material, but tantalum nitride has recently received extensive interest. [2] [3] [4] Tantalum nitride provides superior properties: it has a high melting point, is very hard, highly conductive, and thermodynamically very stable with respect to Cu because it does not form Cu-Ta or Cu-N compounds. 5, 6 As compared to TiN, the grain boundaries of TaN are often disordered while the chemical vapor deposition ͑CVD͒ deposited TiN films typically exhibit a columnar grain structure. 7 Due to this disordered grain boundary structure TaN may prevent copper diffusion more efficiently than TiN.
Reactive sputtering has been the main technique for depositing tantalum nitride films. Sputtered films are usually quite free from impurities and have low resistivity, but the step coverage is poor. Therefore the CVD method has recently obtained more attention. The films made by CVD exhibit much better conformity than the films deposited by physical vapor deposition ͑PVD͒ methods. The problems with conventional CVD are high deposition temperatures ͑Ͼ900°C for TaCl 5 , N 2 , and H 2 ͒, 8 halogen impurities from the TaCl 5 and TaBr 5 precursors, and the difficulty of reducing tantalum from Ta͑V͒ to Ta͑III͒. The problems related to the conventional CVD have been solved by using, for example, metallorganic CVD ͑MOCVD͒ 9,10 and low temperature plasma-activated CVD ͑PACVD͒. 11 The deposition of conductive TaN films by MOCVD 9, 10 still requires quite a high deposition temperature ͑650°C͒, 9 while with the PACVD method conductive films can be deposited at 450°C.
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In this work we have deposited Ta͑Al͒N͑C͒ films by atomic layer deposition ͑ALD͒ 12-14 from TaCl 5 and NH 3 by using trimethylaluminum ͑TMA͒ as an additional reducing agent for tantalum. In ALD, gaseous reactants are alternately pulsed to the substrates and between the reactant pulses the reactor is purged with an inert gas. In the ideal case film growth proceeds via self-limiting saturative surface reactions which make the film thickness easily and accurately controllable. The films deposited by ALD have also an excellent conformality as has been demonstrated, for example, with TiN films. 15 The ALD method has been used already to deposit transition metal nitrides. Titanium nitride [16] [17] [18] [19] [20] [21] [22] [23] and niobium nitride 19, 20, 24 processes with different precursors have been studied most extensively. Only a few tantalum nitride processes have been studied before this current work. 20, 21, 25 Ritala et al. deposited films from TaCl 5 and NH 3 with or without elemental Zn as a reducing agent. 25 With Zn the desired conductive TaN phase was obtained at temperatures of 400-500°C but without Zn, the deposited films consisted of dielectric Ta 3 N 5 . Even though Zn has proved to be an efficient reducing agent, minor amounts of Zn impurities can cause severe problems if diffusing into the silicon substrate. Therefore an alternative method for reducing Ta͑V͒ has to be found. Recently Juppo et al. deposited films from TaCl 5 and 1,1-dimethylhydrazine ͑DMHy͒ which is a more reductive nitrogen source than ammonia. 21 However, the amorphous films deposited seemed to be Ta 3 N 5 , because they were highly resistive and partly transparent.
Trimethylaluminum ͑TMA͒ has already been used as an effective reducing agent in the ALD of titanium nitride films. 18 The resulting films exhibited quite low resistivities ͑140 ⍀ cm at 400°C͒ and had a moderately low chlorine content ͑Ͻ4 atom % at 400°C͒. These results are comparable to those obtained with the films deposited at 400°C from TiCl 4 and NH 3 with Zn as an additional reducing agent. The films contained approximately 6 atom % chlorine and had a resistivity of 200 ⍀ cm. 26 Unfortunately the decomposition of the reducing agent, TMA, during the deposition process contaminates the films with aluminum and carbon. However, the carbon impurities do not necessarily destroy the barrier properties of TiN films because titanium carbonitride thin films have also shown good barrier properties. 27, 28 The same apparently also applies to tantalum nitride because TaC has quite low resistivity 29 and also possesses other similar properties as TiN and the other group IV nitrides. 30 Aluminum incorporation, in turn, is expected to make the structure nanocrystalline or amorphous and thereby improve the barrier properties.
1 Ta͑Al͒N barriers have not been widely studied, but, for example, low aluminum content Ti͑Al͒N films have shown good barrier properties in microelectronic devices. 31 In this work the main focus is in characterization of the compositions and resistivities of the Ta͑Al͒N͑C͒ films deposited at different temperatures, but we studied the barrier properties as well. As a comparison we also deposited some films from TaBr 5 , NH 3 , and TMA, or Zn. Tantalum bromide has been recently studied in CVD, because it has a lower heat of formation ͑Ϫ599 kJ/mol͒ than tanta-lum chloride ͑Ϫ858 kJ/mol͒. 32 This difference implies that tantalum bromide could potentially react at significantly lower temperatures than tantalum chloride.
Experimental
The films were grown using a flow-type F-120 ALD reactor ͑ASM Microchemistry, Ltd., Espoo͒ 12 operated under a pressure of about 10 mbar. The growth temperature was varied between 250 and 400°C. Five different deposition processes with the pulsing orders TaCl 5 -TMA-NH 3 , TMA-TaCl 5 -NH 3 , TaBr 5 -NH 3 , TaBr 5 -Zn-NH 3 , and TaBr 5 -TMA-NH 3 were used. TaCl 5 , TaBr 5 , and Zn were evaporated from open boats held inside the reactor. The evaporation temperatures for TaCl 5 ͑Merck, у99.8%͒, TaBr 5 ͑Aldrich, 98%͒, and Zn ͑extra pure, Merck͒ were 90, 140, and 380°C, respectively. Ammonia ͑99.999%, Messer Griesheim͒ was introduced into the reactor through a mass flowmeter, a needle valve, and a solenoid valve. The flow rate was adjusted to 14 sccm during a continuous flow. TMA ͑Witco GmbH͒ was kept at a constant temperature of 16°C and pulsed through the needle ͑Nupro SS-6BMG-MM, open 0.3 turns͒ and solenoid valves.
Pulse times were 0.5 s for TaCl 5 , TaBr 5 , NH 3 , and Zn whereas the pulse length of TMA was varied between 0.2 and 0.8 s. The length of the purge pulse was always 0.3 s. Nitrogen gas ͑99.9995%͒, generated by a Nitrox UPHN 3000 nitrogen generator, was used for the transportation of the precursors and as a purging gas. The flow rate of nitrogen was 400 sccm. In each experiment the films were deposited onto two 5 ϫ 5 cm soda-lime glass substrates located face to face close to each other within a distance of only a few millimeters between the substrates. For conformality studies one film was grown onto a trenched silicon substrate.
The film crystallinity and grain size were analyzed by a Philips MPD 1880 powder X-ray diffractometer ͑XRD͒ using the Cu K␣ radiation. The film conformality was studied by a Zeiss DSM 962 scanning electron microscope ͑SEM͒. Film thicknesses were determined with energy dispersive X-ray spectroscopy ͑EDX͒ using a Link ISIS EDX spectrometer installed to the SEM equipment. The EDX results were analyzed using a General Motors Research ͑GMR͒ electron probe thin-film microanalysis program 33 and converted to physical thicknesses using the bulk density of TaN ͑16.3 g/cm 3 ͒. 6 Accordingly, if the film density is lower than that, the actual film thicknesses are higher. Also the contents of tantalum, bromine, and aluminum in the films deposited from TaBr 5 as a precursor were analyzed by EDX. The composition of the films deposited from TaCl 5 were analyzed by time-of-flight elastic recoil detection analysis ͑TOF-ERDA͒. 34, 35 The main source of uncertainties in TOF-ERDA measurements is the poorly known heavy ion stopping powers. However, the effect of this is smaller than 10% of the total amount, and the relative errors between the different measurements are much smaller. Film resistivities were measured with the standard four-point probe method.
In order to examine the barrier properties a 10 nm thick Ta͑Al͒N͑C͒ film was deposited on silicon and covered by a 100 nm thick Cu layer deposited by electron beam evaporator to form the Cu/Ta͑Al͒N͑C͒/Si structure. The Ta͑Al͒N͑C͒ film was deposited at 400°C using the pulsing order TaCl 5 -TMA-NH 3 with the pulse lengths of 0.5, 0.5, and 0.5 s, respectively. The samples were annealed in nitrogen ambient for 15 min at temperatures of 400, 500, 550, 600, 650, and 700°C. The thickness of the Ta͑Al͒N͑C͒ film and the copper silicide formation in the thermally annealed films were determined with Bruker AXS D8 advance powder X-ray diffractometer using the Cu K␣ radiation.
Results and Discussion
Deposition cycle parameters.-First, we optimized the process parameters, especially the length of the TMA pulse and its position in the deposition cycle. The earlier study on the ALD of tantalum nitride 25 showed that at deposition temperatures higher than 300°C the growth rate saturated with a pulse time of 0.2 s for TaCl 5 and NH 3 , but below 300°C the surface reactions were too slow to reach saturation. As we expected that TMA could also act as a reducing agent at temperatures lower than 300°C, we chose a slightly longer pulse time, 0.5 s, for TaCl 5 and NH 3 to ensure saturation.
The length of the TMA pulse.-The pulse length of TMA was varied between 0.2 and 0.8 s in 0.3 s steps. The length of the purging period was 0.3 s after all the precursors, and the growth temperature was 350°C.
The length of the TMA pulse had only a moderate effect on the growth rate as can be seen from Fig. 1 . The growth rate varied between 0.8 and 0.9 Å/cycle and was highest when the TMA pulses length was 0.5 s. The deposition rate obtained with this process is much higher than that obtained with the TaCl 5 -Zn-NH 3 process. 25 The pulse length of TMA did not have any influence on the chlorine content in the films, and it was 5-6 atom % ͑Fig. 2͒. On the other hand, the amount of aluminum increased slightly from 10 to 12 atom % as the TMA pulse length was increased from 0.2 to 0.8 s ͑Fig. 2͒. The films contained quite constant amounts of carbon ͑20-22 atom %͒, oxygen ͑2-3 atom %͒, and hydrogen ͑8-9 atom %͒. The resistivities of these films were between 2,900 and 3,600 ⍀ cm. It can be concluded that the TMA pulse length did not have much influence on the film properties. In addition, the pulse length of TMA did not affect film crystallinity either ͑see below͒. Therefore we decided to use 0.5 s also for the TMA pulse length, because this seemed to well saturate the growth rate.
The place of the TMA pulse in the deposition cycle.-In order to study the pulsing order we changed the places of TaCl 5 and TMA pulses and compared the film properties. The processes were then (i) TaCl 5 -TMA-NH 3 and (ii) TMA-TaCl 5 -NH 3 . The deposition temperature was 350°C. The deposition rate was slightly higher with process b, 1.2 Å/cycle, than it was 0.9 Å/cycle with process a. However, the chlorine and especially the carbon contents were higher with the process where TMA was pulsed before tantalum chloride ͑process b͒ ͑Table I͒. There was a difference also in the aluminum content, as it was 12 atom % for process a, and only 8 atom % for process b. The hydrogen and oxygen contents of the films deposited by the two processes were almost the same. Resistivity of the film deposited by process a was 3,600 ⍀ cm but with process b it varied randomly between 2,300 and 7,500 ⍀ cm. In the film deposited by process b the ͑111͒ XRD reflection has a greater intensity than in the film deposited by process a. Because the film deposited by process b contained many more impurities and especially much more carbon, we decided to use process a in the following experiments ͑Fig. 3͒.
Deposition temperature
Film growth.-With the pulsing sequence of TaCl 5 -TMA-NH 3 the deposition temperature was varied from 250 to 400°C in steps of 50°C. Figure 4 shows that the deposition rate increases from 0.66 ͑250°C͒ to 0.94 Å/cycle ͑400°C͒. The deposition rate increases remarkably between 250 and 350°C, but the increase is only moderate above 350°C.
The deposition rates obtained in this study are much higher than those obtained previously in theTaCl 5 -NH 3 ALD processes, where the deposition rate at 400°C was between 0.2 and 0.3 Å/cycle without Zn, and approximately 0.2 Å/cycle with Zn. 25 The higher deposition rates obtained with the TaCl 5 -TMA-NH 3 process may be partly due to the aluminum and carbon incorporation. The deposition rates obtained with the TMA-NH 3 ALD process to grow AlN films were strongly temperature dependent and were as high as 2 Å/cycle 36 which is more than double the deposition rate obtained in this study. The high deposition rate in the TMA-NH 3 process was attributed to the thermal decomposition of TMA which also contaminated the films with some carbon.
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Film properties.-Composition.-The films deposited in this study from TaCl 5 , TMA, and NH 3 were dark, metallic, and mirrorlike. They showed perfect conformality ͑Fig. 5͒ which is due to the self-limiting deposition process in ALD. All the films contained considerable amounts of impurities. Figure 6 shows that the film composition is strongly dependent on the deposition temperature. Both the chlorine and hydrogen contents decrease as the deposition temperature increases and are thus obviously due to incomplete reactions. The film deposited at 250°C has as much chlorine as 14 atom % while the film deposited at 400°C has only 4 atom % of chlorine. The amount of hydrogen was 14 and 6 atom % at 250 and 400°C, respectively.
There seems to be a straight relationship between the increasing carbon content and the increasing deposition temperature suggesting that carbon contamination arises from decomposition of TMA. The film deposited at 400°C contained more carbon ͑26 atom %͒ than the film deposited at 250°C ͑19 atom %͒. The carbon contents of the films are similar to those in the tantalum nitride films deposited by MOCVD. 10, [37] [38] [39] Also the AlN films deposited by ALD between 350 and 425°C from TMA and NH 3 contained carbon ͑4-8 atom %͒ and hydrogen ͑10-16 atom %͒ residues, 36 and their temperature dependence was similar to the present Ta͑Al͒N͑C͒ films. On the other hand, as the Ta͑Al͒N͑C͒ films contain much more carbon than the AlN films, it appears that tantalum-carbon interaction is responsible for the high carbon content. Furthermore, as the hydrogen content shows an inverse temperature dependence to that of carbon, the two impurity elements seem to have different origins. It is important to note that hydrogen impurities are also commonly observed in those nitride films which have been deposited without organometallics, i.e., with metal halide-ammonia processes. 35 This has been interpreted to be due to incomplete reactions leaving -NH x residues, the content of which decreases with increasing temperature. Thus, if most of the hydrogen also in the present Ta͑Al͒N͑C͒ films is in the form of -NH x residues, carbon exists very probably as a carbide rather than as a hydrocarbon.
The Al content reaches the maximum ͑12 atom %͒ at 350°C ͑Fig. 6͒. A similar maximum in aluminum content at 350°C was also observed in the TiN films deposited with ALD using TMA as an extra reducing agent. 18 There the maximum aluminum content varied between 3 and 15 atom % depending on the deposition scheme. The oxygen content of the Ta͑Al͒N͑C͒ films is approximately 2 atom % which is slightly less than in the tantalum nitride films deposited previously by ALD 25 and much lower than in the films deposited by MOCVD. 10, 38 The oxygen contamination is apparently due to oxidation of the films when exposed to air after the deposition.
Crystallinity.-From the XRD data ͑Fig. 7͒ it can be seen that the films were polycrystalline with the cubic TaN structure. The peak intensities indicate that all the films, except the one deposited at 250°C, were properly crystallized. The peak widths imply that the films are nanocrystalline or largely strained. Assuming that peak broadening is only due to the small crystallite size, that can be estimated using Scherrer's equation. The crystallite size increases as the deposition temperature increases: the films deposited at 300, 350, and 400°C had crystallite sizes of 3, 5, and 6 nm, respectively. The crystallite size of the film deposited at 250°C could not be determined. The film deposited at 400°C showed ͑111͒, ͑200͒, and ͑220͒ reflections corresponding to the d values of 2.523, 2.160, and 1.533 Å, respectively. The reference values given for the cubic TaN are 2.503, 2.169, and 1.531 Å. 40 The orientation of the crystals was temperature dependent. As the deposition temperature was increased, the ͑200͒ reflection became sharper and above 350°C the ͑111͒ reflection became smaller.
Electrical properties.-The resistivities of the Ta͑Al͒N͑C͒ films are shown in Fig. 8 as a function of the deposition temperature. For comparison, the chlorine contents from Fig. 6 are repeated in Fig. 8 .
The resistivity decreases drastically as the deposition temperature increases and the film deposited at 400°C has a resistivity of 1,300 ⍀ cm. The comparison of the resistivities with the impurity contents indicates that chlorine is the most important impurity with respect to resistivity. Such a dependence between chlorine content and resistivity is well documented for CVD TiN films. [41] [42] [43] However, film crystallinity can also affect resistivity. As mentioned above, the crystallite size increases with the increasing deposition temperature. The resistivities of TaN thin films deposited with the TaCl 5 -Zn-NH 3 ALD process between 400 and 500°C in an earlier study were about 900 ⍀ cm. 25 Barrier properties.-The Cu/Ta͑Al͒N͑C͒/Si structures were annealed at temperatures between 400 and 700°C and after that the resistivity was measured with the four-point probe. There is only a small increase of sheet resistance between annealing temperatures of 400°C ͑0.43 ⍀/ᮀ͒ and 600°C ͑3.7 ⍀/ᮀ͒ ͑Fig. 9͒. After the annealing at 650°C the color of the sample changed from Cu color to gray, and the sheet resistance increased above 300 ⍀/ᮀ. Although the sheet resistance measurements implied that the barrier was breaking at 650°C, in the XRD data copper silicide formation was observed at 600°C ͑Fig. 10͒. As the breakdown of tantalum nitride films is typically caused by the diffusion of Cu through the barrier, 1,3 the changes in the sheet resistance will occur more slowly than the formation of copper silicides. 
Tantalum Pentabromide as a Precursor
For comparison we also deposited films using tantalum pentabromide as a precursor. We examined three different processes: TaBr 5 -NH 3 , TaBr 5 -Zn-NH 3 , and TaBr 5 -TMA-NH 3 . The film compositions were determined only by EDX.
TaBr 5 -NH 3 and TaBr 5 -Zn-NH 3 processes.-First, we deposited TaN films from TaBr 5 and NH 3 with and without Zn. The growth temperature was varied between 400 and 500°C. The results obtained were quite similar to those obtained earlier with TaCl 5 . 25 The films deposited at 400 and 500°C without Zn were transparent and thus most likely dielectric Ta 3 N 5 and had resistivities of above 1,500,000 and 41,000 ⍀ cm, respectively. The films deposited with Zn contained the conductive TaN phase and had much lower resistivities, 1,100 ⍀ cm at 400°C and 960 ⍀ cm at 500°C. The films deposited at 400°C contained approximately 5 atom % bromine but the films deposited at 500°C contained less than 1 atom % bromine. The growth rates were quite low, varying between 0.09 and 0.14 Å/cycle.
TaBr 5 -TMA-NH 3 process.-We used the same precursor pulsing order and the same TMA pulse length ͑0.5 s͒ as with the TaCl 5 -TMA-NH 3 process. The growth temperature was varied between 250 and 400°C.
The aluminum content was quite high in all the films, about 30-32 atom %. The bromine content was only 4 atom % in the film deposited at 400°C but 11 atom % in the film deposited at 250°C.
The deposition rate varied between 0.2 and 0.6 Å/cycle and was thus much lower than with TaCl 5 . The deposition rate was the highest at 300°C, which is different from the films deposited from TaCl 5 . The resistivities of the films were also higher than in the films deposited from tantalum chloride, 64,000 and 6,600 ⍀ cm at 250 and 400°C, respectively ͑Fig. 11͒. Figure 12 shows that the films deposited from TaBr 5 exhibit lower XRD peak intensities than the films obtained from TaCl 5 . As with TaCl 5 , the film deposited at 250°C was not properly crystallized, and the films deposited at 300°C or at higher temperatures were polycrystalline with the cubic TaN structure. The crystallite size was approximately 3 nm for the films deposited at 300 and 350°C and 4 nm for the film deposited at 400°C. The film deposited at 400°C showed ͑111͒ and ͑200͒ reflections corresponding to the d values of 2.501 and 2.170 Å, respectively.
Conclusions
Ta͑Al͒N͑C͒ thin films were deposited by the ALD technique TaCl 5 or TaBr 5 and NH 3 were used as precursors and TMA as an additional reducing agent. The place and the length of the TMA pulse in the deposition cycle affect the properties of the films. The best results were obtained when a 0.5 s TMA pulse was given between TaCl 5 and NH 3 . With this pulsing sequence the films with the best properties were deposited at 400°C. The film deposited at 400°C contained only 4 atom % chlorine but as much as 26, 10, and 6 atom % carbon, aluminum, and hydrogen, respectively. The resistivity decreased as the deposition temperature increased, and the film deposited at 400°C had a resistivity of 1,300 ⍀ cm. The deposition temperature also had a remarkable effect on the deposition rate as it increased from 0.66 to 0.94 Å/cycle as the temperature was increased from 250 to 400°C.
The films deposited with the pulsing sequence of TaBr 5 -TMA-NH 3 contained more impurities, had lower deposition rates and higher resistivities than the films deposited from TaCl 5 . For comparison thin films were also deposited from TaBr 5 and NH 3 with and without Zn. The films deposited without Zn were most likely Ta 3 N 5 and had very high resistivities. The films deposited with Zn were conductive TaN, and the film deposited at 500°C had a resistivity of 960 ⍀ cm.
It can be concluded that TMA is a promising reducing agent because the conductive TaN phase is obtained without using zinc. Although the impurity content is quite high in the films the resistivities obtained in this study were only slightly higher than those obtained earlier. Diffusion barrier tests indicate that a 10 nm thick Ta͑Al͒N͑C͒ film in the Cu/Ta͑Al͒N͑C͒/Si structure remained stable against Cu diffusion up to 550°C.
